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Introduction
The transformation of the power sector is changing the landscape of electricity supply. With the increasing share of variable renewable energy (VRE) and the increasing complexity of the distribution grid environment, there are rising concerns about whether electricity flexibility will be sufficient to stimulate economic integration of VREs and maintain a reliable grid system. As the discussion of digitalization continues, the potential for decentralized flexibility sources (DFS) to help to maintain a reliable electricity system has caught the attention of policy makers, regulatory bodies and industry groups in Europe. Generally, electricity systems and markets are complex and not always easy to understand. The potential for emerging new markets, services and economic opportunities from DFS is attracting tremendous interest (IEA, 2017b; Agora, 2017; MIT, 2016; EDSO, 2018) . However, as the discussion requires an examination of the detail of market design and cross-professional knowledge to understand DFS, the overwhelmingly optimistic public opinion might underestimate the complexity and difficulty of the transformation required. This paper will try to answer two questions:
1. How can decentralized flexibility sources participate in the electricity markets? 1 2. What could be the dedicated market design to enable decentralized flexibility?
This paper aims to deconstruct the complexity of electricity market design that could enable decentralized flexibility and shed light on current developments, in an attempt to provide a common understanding for subsequent studies and discussion. Flexibility from decentralized load resources is a young but complex domain. The research and understanding are far from sufficient. This paper will closely reflect what has happened on the ground and foreseen the way forward for continuing research to expand the understanding of the use of DFS within the context of European electricity markets.
The paper concludes that DFS would be more effective as part of an explicit demand-side management (DSM) program rather than an implicit DSM program to stimulate the reliability of the electricity system. Being able to use DFS has strategic importance for VRE integration and achieving decarbonization targets. Moreover, aggregators 2 play a central role in enabling DFS as they have to actively demonstrate to system operators their ability to deliver the required services. The regulation of aggregators has been largely shaping the current development of DFS. With adequate enabling infrastructures, DFS can participate in existing markets, emerging markets at the distribution level and other potential new products it fits. The emergence of business applications and monetization of DFS depends on many factors, such as broader electricity market design and energy policy, regional resource availability and the penetration level of VRE. Consequently, the pace of development and utilization of DFS will vary between the European member states. The integration of DFS into the electricity market would be more likely to be developed in a decentralized way that starts from areas that require electricity flexibility but lack centralized supply. This paper starts with a discussion of the demand for sufficient electricity flexibility to allow economical VRE integration and to deal with the increasingly complex distribution grid environment caused by ongoing decarbonization, decentralization and digitalization trends. Then, DFS is properly defined, and different types and characteristics of DFS are illustrated. Next, the electricity markets design is explained and the dedicated market designs for electricity flexibility preservation are elaborated upon. DFS uses for demand-side management (DSM) are explained, different types of DSM mechanisms are justified, and the prevailing way DFS participate in the electricity market is identified. Then, the market designs that allow DFS to participate in the electricity market are discussed. Finally, the future of DFS development is discussed.
The call for sufficient electricity flexibility in the changing electricity system 2.1 Transformation in power systems: Decarbonization, decentralization and digitalization
The European Union (EU) has committed to reducing greenhouse gas emissions to 80-95 per cent below 1990 levels by 2050. As the power sector has the most significant potential for decarbonization with the decreasing costs of renewable technologies, it is supposed to become carbon neutral by 2050. The EU 2030 Framework for Climate and Energy, which was adopted in 2014, sets a target of 40 per cent greenhouse gas reduction and at least 27 per cent renewable energy in the final gross consumption of energy by 2030. According to the European Commission Impact Assessment, this target would translate into electricity systems as a 43-47 per cent share of renewables in the power sector and 12-14 per cent of renewable energy-based transport by 2030 3 (EC, 2014) . The Renewable Energy Directive adopted in 2018 introduces the requirement to increase the share of energy from renewable sources to 32 per cent in 2030 and allows for the possibility of an upward revision of the target in 2023 (EC, 2018) . Achieving the new target would require the share of renewables in the power sector to approach 55 per cent (CAT, 2018) . With the decarbonization targets, the landscape of the electricity supply portfolio in the EU has been evolving. Since 2000, the net growth of capacity has been 157.7 GW for wind, 107.3 GW for solar PV and 96.7 GW for gas. In contrast, the observed net reduction in fuel capacity is 40.4 GW for oil-based fuel, 41.2 GW for coal and 17.2 GW for nuclear. Wind energy already has the second-largest power generation capacity in the EU (WindEurope, 2018) .
On the other hand, decentralization is making the grid environment increasingly complex. Conventionally, the centralized system is economical as the scale effect brings down average cost. However, the falling price of renewable energy and storage units, with a further boost from increasingly complicated control systems 4 makes decentralized capacity economically feasible as well. The development of electric vehicles (EVs 5 ) is well on track to achieve long-term sustainability goals. 6 Although the current stock share of EVs is still low, there is broad consensus that a boom is up-coming 7 (IEA, 2018b; ExxonMobil, 2018; Eurelectric, 2018) . With the rolling out of EVs, the possibility to integrate charging infrastructure to enable smart charging and possible vehicle-to-grid (V2G 8 ) applications can help to reduce overall system costs, stimulate grid reliability and optimize the utilization of grid assets (IEA, 2018a) . Such application has been largely supported by governments for technology normalization, for example the City-Zen project in Amsterdam 9 and a series of V2G projects led by EDF R&D in the UK 10 (Gangale et al., 2017; IRENA, IEA & REN21, 2018) . The development of electronic devices and EVs accelerates the learning curve for lithium-ion cells production and enhances the capacities of the industry. Battery costs declined by 15 per cent on average per year from 2012 to 2017, with a total five-year drop of more than 50 per cent (McKinsey, 2018) . One likely projection from BNEF (2017) proposed that storage prices would go down from 2017 by a further 63 per cent by 2030, to reach $70kWh, and the cost of combined household solar with battery system will be comparable with grid electricity after 2025.
3 See COM SWD (2014) 15 final of 22.1.2014, p.68. 4 Control systems manage and regulate the behaviour of other devices or systems with control loops. 5 EVs include battery electric vehicles (BEVs), plug-in hybrid electric vehicles (PHEVs) and fuel-cell electric vehicles (FCEVs). 6 According to the IEA's Sustainable Development Scenario (2017). 7 For example, even in Nordic countries, known as the most advanced market in terms of EV sales share, the current EV stock share is only 1.9%. However, Nordic countries are projected to reach 4 million units by 2030 (more than 15-fold of 2017 EVs stock) based on current market development, announced policies and climate ambitions targets (IEA, 2018b). 8 V2G is a bi-directional connection between the EV and the grid through which power can flow from the grid to vehicle and viceversa. 9 City-Zen project: http://www.cityzen-smartcity.eu/home/demonstration-sites/amsterdam/ 10 '£30 million investment in revolutionary V2G technologies ', 2018: https://www.gov.uk/government/news/30-million-investmentin-revolutionary-v2g-technologies When facing the dynamic from decarbonization and decentralization, the digitalization momentum offers tremendous opportunities. Digitalization plays a significant role in automation applications. The flourishing of Artificial Intelligence (AI) embodied within the energy management system and the further applications of the Internet of Things (IoT) will minimize the input from human users (Glachant & Rossetto, 2018) . The image of a smart energy future has been embraced and discussed by various stakeholders. It pursues the effective aligning of electricity demand and supply with more automation and digitization from all segments of the electricity value chain. By doing so, electricity system could provide services in a high-comfort low-price way and serve political agendas, such as the increase of renewable energy to achieve decarbonization, and reliable supply in a social-cost-effective way (IEA, 2017b; Agora, 2017; MIT, 2016; EDSO, 2018; Rossetto, 2017) .
Although digitalization is one of the main trends of today's world power sector, with global investment in digital infrastructure and software reaching nearly $50 billion and overtaking global gas-power generation investment in 2016 (IEA, 2017b), gaining a clear understanding of its implications for markets, business models and public policies is an ongoing process. The achievements enabled by digitalization that have been see so far are mainly from operational innovation. As data analytics and automatic decision-making models are being used through machine learning to reduce running costs, efficiency has been improved mainly in electricity system operation (DNV GL, 2018) . Nonetheless, the most significant disruption to the existing system would be a potential business model innovation such as person-to-person electricity trading, virtual power plant aggregated from households, etc., with newly available technologies.
There has been an increasingly call for the power system to undergo structural changes to adapt the spread of decentralized components, the digitalization trend and the decarbonization targets. The power sector will need to re-examine the conventional operational model to provide sufficient electricity flexibility in the future.
Call for sufficient electricity flexibility
Flexibility can be defined as the capability of the electric power system to respond to fluctuations and uncertainty in supply and demand to restore stable and safe electricity system operation (DNV GL, 2017; IEA, 2018) . It is a property of the whole power system. As storage is negligible in electricity networks, demand and supply need to be balanced at all times, and flexibility needs to cover the fulltime spectrum, from real-time to years long (Mohrhauer, 2016) . Conventional flexibility resource includes both flexible consumption and generation resource, and electricity storage and grid interconnection (de Jong et al., 2017) . In the past, the demand for flexibility was typically matched by fast-ramping conventional power generation plants through changing load between full load and minimum stable generation. Such plants participate into the different segments of the electricity market after careful consideration of the cost structure for different running states, technical operations and opportunity costs (DNV GL, 2017; Harris, 2005) . However, when we consider a fully decarbonized electricity system, there will be no conventional power plants to reserve for the corresponding electrical flexibility requirement. Being able to use decentralized flexibility sources thus has strategic importance for future electricity system. Moreover, there are also concerns for renewable energy integration and requirement from distribution grid management to diversify the flexibility sources.
Economics of variable renewable energy integration
Wind and solar power are variable renewable energies (VREs). Their power generation fluctuates with the weather patterns. It is different from conventional dispatchable power capacities (coal, gas, nuclear and hydropower generation), where generators can supply energy on demand and have relatively more controllability of generation. Nowadays, even the countries with the highest share of VRE in Europe only have a penetration level of around 40 per cent and the vast majority still only have a VRE penetration level of around 20 per cent (IEA, 2018) . Considering the 2050 decarbonization targets, a carbon-neutral electricity sector would have a significantly higher share of VRE generation.
With the increasing penetration of VRE, flexibility has been a valuable characteristic appreciated by the electricity system. The VRE would have a lower contribution to covering forecast electricity demand and especially the peak demand when the capacity is most needed. Meanwhile, VREs need extra dispatchable energy that has the capacity to ramp and decline with short lead times and cool-down times to respond to their variability and potential forecast errors (IEA, 2018a; Hesser & Succar, 2012) . The uncertainty of output increases the amount of holding reserve capacity and induces extra cost. Moreover, for renewable-based electricity systems, the seasonal variation of energy generation would require a significant amount of reserve capacity, the cost of which should be minimized.
The integration cost of VRE can be defined as all additional costs in the non-VRE part of the power system during the generation of VRE (Hirth, 2013; Ueckerdt et al., 2013) . It encompasses subcategories as profile costs, balancing costs and grid-related cost.
Table 1: Explanation of integration costs of variable renewable energy

Profile costs
The profile costs consist of three components: overproduction costs, full-load hour reduction costs and adequacy costs.
Overproduction costs: A high share of VRE would cause curtailment, causing per-energy costs of VRE to increase.
Full-load hour reduction: The reduction of full-load running hours for dispatchable power plants would reduce its electricity generation and thus increase per-energy costs for dispatchable power plants.
Adequacy costs: VRE would increase the demand for backup capacity as they are highly weather dependent (not for balancing purposes, but for resource adequacy purposes).
Balancing costs
Balancing costs are the added system costs for holding and using resources to deal with forecast errors and variability during dispatch intervals, as well as increased ramping and cycling of other power plants. It highly depends on operational practices, such as the use of forecasts and market arrangements.
Grid-related costs
Grid-related costs are the rising costs from the extra care for grid management because of the increasing penetration of VRE generation.
Sources: Ueckerdt et al., 2013; IEA&NEA, 2015 The integration cost will increase with a growing level of VRE penetration. The profile costs are potentially the largest component. Any means that can help to shift demand or supply would significantly reduce the profile costs (Ueckerdt et al., 2013) . Once the marginal externalities that are caused by VRE integration are equal to the marginal utility of energy sector decarbonization, further decarbonization of the energy sector would make no sense. Although there are no effective ways to calculate marginal externalities and decarbonization utility in reality, the negative electricity price caused by VRE and unexpected curtailment of VRE generation would be signs. Thus, for the sake of realizing decarbonization targets, the externalities caused by VRE should be minimized systematically. An economical energy transformation implies gaining as much efficiency from operation and management as possible while minimizing VRE integration costs (EDSO, 2018) . Practically, minimizing these costs means the practical use of installed electricity capacities, such as reducing the curtailment of VRE generation, ensuring profitable load factors of dispatchable units, minimizing the cost of system balancing and reserves. All those necessities call for sufficient electricity flexibility.
Increasingly complex distribution grid environment
With the majority of VRE capacities connected to the transmission grid, congestion and local saturation of distribution grids require distribution system operators (DSOs) to become more active. The increasingly complex distribution grid environment requires more accurate and granulate management decisions. Further challenges arise from the complexity of existing systems and the high public expectations of safety and reliability.
DSOs are responsible for expanding, reinforcing and maintaining the safety and reliability of the distribution grid system (DNV GL, 2018; Poudineh & Jamasb, 2014) . The existing grid management and system balancing formulas are developed in the context of centralized production and distribution of energy (Frunt, 2011; IEC, 2012) . However, nowadays, most VRE capacities and EV charging stations are connecting at the distribution level (de Jong et al., 2017; Newbery et al., 2017) . The evolving of 'behind-the-meter' generation, the change from unidirectional to bi-directional electricity flow, and the development of EVs and local energy communities all increase the chance of local congestion, which will require DSOs to move away from the conventional approach and become active in balancing their grid system (Meeus & Hadush, 2016) . Moreover, the current reserves and flexibility preservation are only the responsibility of Transmission System Operators (TSOs). Gradually, the reserves will be essential for all stakeholders who could not carry on their business without reliable supply (Lavoine, 2018; Rossetto, 2017; DNV GL, 2017) .
Currently, the framework of active distribution network management for DSOs is still unclear (Meeus & Nouicer, 2018) . The collaboration between TSOs and DSOs with regard to active system management and the use of decentralized energy resources has been identified as the main priority of the EU (ENTSO-E, 2018). Operation protocols and seamless communications are required between DSOs and TSOs to ensure optimal system operation and to eliminate counterproductive behaviour. Previously, there was limited interaction between TSOs and DSOs in terms of acquiring electricity flexibility (Gerard et al., 2018) . Prior coordination between TSOs and DSOs only concerns network planning, common data platforms or metering data sharing (de Jong et al., 2016; Hadush & Meeus, 2017) . The model of coordination between DSOs and TSOs will lead to different market designs and system services. Specific concerns such as distortionary aggregation, active data exchange and system prequalification need to be addressed in a proper way (Burger et al., 2016) . Micro-grids and energy communities may able to pre-balance themselves but still need to connect with the public grid for back-up (USEF, 2015) . Notably, increasing VRE penetration at the distribution level will lead to a considerable amount of local demand for ancillary services, which should be satisfied by similar market design (Merion et al., 2016) . All these transformations require considerable electricity flexibility at both transmission and distribution grids and revision of the current electricity system management mechanism.
Decentralized flexibility sources and active consumers
Increasing the number of active consumers has been one of the aims of the EU's energy union strategy. In European Commission official documents, the terms active customers, active consumers and prosumers are used with the same meaning (Meeus & Nouicer, 2018) . The definition of the active consumer can vary to emphasize different customer groups. It has been defined by Meeus and Nouicer (2018) as electricity consumers that are engaged in the consumption and production of electricity, and also other roles such as storage and demand response. The definition of prosumer is more straightforward: the end user who can produce energy (USEF, 2015) .
In this study, the active consumer is defined following Merino and her colleagues (2016) as technologically empowered end-users who are able to present their desire for energy management. This customer group is recognized as the residential sector and includes residential consumers, small and medium-sized enterprises (USEF, 2015) . Their activity in terms of energy management decisions includes demand response from household appliances, household and local community battery management, electric vehicle charging management, energy storage in non-electrical formheat, cold, pressure, etc.and some industrial processes (Rossetto, 2017; Verhaegen & Dierckxsens, 2016) . These activities were previously known as residential demand response and are acknowledged today as decentralized flexibility sources. These residential resources that can provide electricity flexibility services are referred to as decentralized flexibility sources (DFS) in this study.
Theoretically, the residential sector has considerable flexibility potential which has not been realized primarily because of technological limitations (EC, 2016a; Sia Partners, 2014) . Nowadays, these capacities have the potential to be empowered by advanced information technology and communication infrastructure, which allows them to auto-optimize their load in a fast and accurate way according to electricity availability (ENTSO-E, 2019). On the other hand, decentralized flexibility also includes the flexibility from decentralized generation resources, such as Micro-CHP units and state-of-the-art VRE, 11 but this paper will only focus on demand-side resources (IEA, 2018; IRENA, IEA & REN21, 2018; CEPA, 2014).
Characteristics of decentralized flexibility sources
The key feature of the residential sector is the diversity of appliances. Decentralized flexibility sources (DFS) are comprised of different load sources with a wider variety of technical capabilities and economic characteristics to provide flexibility services (Migliavacca et al., 2017; Eid et al.,2016) . For different kinds of appliances, the costs to enable the services and the corresponding opportunity costs are different. 12 Appliances with large loads and less time-sensitivity, 13 such as space heating/cooling and vehicle charging, would be reasonable resources to begin to participate in active management programs (Darby & McKenna, 2012; Goldenberg et al., 2018) . All those appliances have to be examined and differentiated because different DFS require different types of regulations, support, delivery methods and communication techniques for the most effective way to facilitate the program. Different types of resources may desire participating in different markets according to their resource characteristics. For example, EVs would suit providing short-term flexibility services, as the opportunity costs would increase substantially once EVs are aggregated and start providing bulk energy to markets (Borne et al., 2018) . Eid et al. (2016) gave an overview of common DFS under no aggregation circumstances. Four characteristics are used to illustrate a DFS: direction, energy/power characteristics, response time and availability. 11 VRE capacity uses software-controlled power electronics to connect to the grid and can provide multiple services to manage the variability and uncertainty of supply and demand. For example, through blade pitching, wind turbines can provide an upward and downward reserve. In Spain, since Feb 2016, wind energy is allowed to provide ancillary services. 12 For demand-side resources. It would be reasonable to use opportunity costs to reflect the economic value instead of marginal costs (CE Delf & Microeconomix, 2016) . 13 Less time-sensitivity indicates less opportunity cost. 
Direction
System operators need to procure both upwards and downwards balancing resources (Burger et al., 2016) . Meanwhile, specific appliances may only be capable of providing either upwards or downwards services.
Energy/Power type
DSM programs have two types of applications: energy applications and power applications. Typical energy applications refer to load shifting and typical power applications to things such as frequency control and ramp rate control (WEC, 2016; EnerNOC, 2011) . Eid et al. (2016) defined max power temporal ratio (tr) as the maximum duration a DFS can sustain its maximum power variation concerning its normal power. This parameter is to justify the energy/power type and indicate the potential ancillary services a DFS can provide. The lower the parameter value, the more the resource can be classified as a power type.
Response time
Response time indicates how quickly a resource is technically able to adjust its power and can be used to compare with the notification time for market requirements. It should be shorter than the service notification time to participate in corresponding markets.
Availability
DFS are not dedicated to DSM. Eid et al. (2016) defined the parameter ar, the average number of available hours divided by the total number of hours in a week, as a parameter to quantify resource availability (0< ar <1). Nevertheless, the specific time DFS are available may be more critical to provide appropriate service. 
The market design for electricity flexibility preservation
In the liberalized power system, the demand for electricity flexibility is secured with appropriate electricity market designs. Although, the term 'market' is used ambiguously. In reality, any single product or service defined by the system operator or market operator can be considered as an independent market in the electricity sector. Electricity resource can participate among different markets follow defined rules to maximize their profit. To allow the use of decentralized flexibility, corresponding market arrangements and product design would be required. The current market design should be understood before introducing the potential use of decentralized flexibility.
The market arrangements are different in the different European Union member states (MSs). Nevertheless, the fundamental market structures, including a series of forwarding markets and balancing markets, are the same. Market design concerns the operation to manage economic transactions and operational control mechanisms (Eid et al., 2016a) . Specific market design creates corresponding incentives for market agents to react (CE Delf & Microeconomix, 2016) . In general, electricity prices are the critical incentive for demand and supply inter-alignment, which was the initial rationality to expose electricity to spot market prices. Power producers and other market participants would react to price signals by adjusting their power output level or trade in according markets (Couture et al., 2015; Redl, 2018; Schittekatte & Meeus, 2018a; DNV GL, 2017) . In many MSs, there is also a capacity mechanism alongside the energy-only market to guarantee electricity resource adequacy (EC, 2015) .
A market fit for electricity flexibility preservation
Electricity flexibility is needed for system balancing, profile management and grid congestion management. The markets are designed correspondingly to satisfy these demands for electricity flexibility.
The market for balancing and profile management
Various forms of trading help market agents to manage their profile and help system operators to balance their grid. Different forward electricity markets are arranged in sequential orders to deal with the variability of different timescales and facilitate market participants' profile management up until 15-60 minutes prior to the time of consumption (IEA, 2018; DNV GL, 2017; Zancanella & Bertoldi, 2017) . Market participants trade in different markets according to their requirement to hedge their risks in the real-time spot market and avoid imbalance charges (USEF, 2015) . The typical short-term markets that serve profile management functions most effectively are the day-ahead market and the intraday market. These markets remunerate flexibility according to whether any power resource can change its energy level approaching real-time (CE Delft & Microeconomix, 2016) .
Congestion management
Congestion happens mainly due to mismatches between market outcome and network status, as power would not follow the contracted path directly (Hadush & Meeus, 2017) . The market designs for the wholesale market to deal with congestion depend on the applied system pricing model.
There are zonal pricing models and nodal pricing models (Mohrhauer, 2016) . Nodal pricing is also known as the locational marginal pricing (LMP) model. Any congestion in a nodal pricing market would lead to differences in marginal electricity prices at every node, reflecting the lack of generation capacity and transmission capacity. Consumers at a high-priced node have an incentive to reduce demand. In the end, all accepted energy and load offers are paid at a local uniform price associated with each node of the electricity market. Consequently, it gives a generation schedule without requiring further capacity alleviation (Mohrhauer, 2016) . On the other hand, the use of the zonal model trades efficiency for simplicity because the nodal pricing model design is far more complex (Holmberg & Lazarczyk, 2012) . Zonal pricing only considers transmission constraints among zones and assumes a uniform marginal price within one zone. Under the zonal model, the principal approach to relieve grid congestion is redispatch. Re-dispatch is defined as any measures activated by system operators to adjust the generation or load pattern in order to change physical flows in the power system and relieve physical congestion (ACER & CEER, 2016; Hadush & Meeus, 2017) . Sometimes, Transmission System Operators (TSOs) also use the balancing market to preserve resources to relieve congestion 14 as long as the bids provide necessary locational information (EDSO, 2018) . The difference is that the system imbalance cost is mainly borne by Balancing Responsible Parties (BRPs) and the re-dispatch cost is mostly financed by grid tariffs (Hadush & Meeus, 2017) . Otherwise, there would be other dedicated markets, products or arrangements to allow the system operator to preserve the necessary electrical energy to relieve grid congestion in real-time (EDSO, 2018).
The European electricity market is a zonal system. All bidding zones are connected through transmission lines and interconnectors. Within each bidding zone, the congestion is relieved through re-dispatching by corresponding TSOs. Between each bidding zone, the implicit cross-zonal transmission capacity allocation mechanism has been applied to reflect the scarceness of transmission capacity, and counter trading is operated by system operators between two bidding zones to relieve physical congestion (Schittekatte & Meeus, 2018a ; ENTSO-E, 2019).
Balancing market service preservation
The balancing market is the 'market of last resort' for balancing the electricity system (Redl, 2018) . It is also the market that is the most suitable for incorporating decentralized flexibility, considering that most DFSs are more economically competitive in providing short-term flexibility services. The balancing market represents the entire institutional, commercial and operational arrangement that enables a market-based balancing of the electricity system. This real-time balancing price has a substantial impact on prices in the wholesale electricity markets. It reflects the ultimate opportunity cost for any trading conducted before real-time (Hogan, 2015; Mauritzen, 2013) .
The balancing market serves as the tool to help TSOs preserve flexibility resource and enable responsibility sharing with BRPs. The balancing responsibility mechanism is a secondary control mechanism invented to share the balancing burden on TSOs through an economic and financial mechanism (Frunt, 2011) . Theoretically, every agent connected to the grid has to share the balancing responsibility, which means the agent should try to react in real-time in line with their forecast or reported position. Currently, household consumers let retailers be in charge of their balancing responsibility. Retailers can take the responsibility themselves or pass it on to another party (a BRP) with extra arrangements (Mandatova & Mikhailova, 2014) . The cost of maintaining the balancing responsibility by retailers is recovered through relative contractual arrangements with final consumers (Schittekatte & Meeus, 2018a; USEF, 2015) . Previously, VRE generators were exempted from balancing responsibility.
The balancing cost is shared among BRPs using the imbalance settlement mechanism (Schittekatte & Meeus, 2018a; ENTSO-E, 2018a) . Imbalance settlements refer to how imbalance quantity and price are determined, and how the imbalance costs are allocated. It provides special incentives for market participants to interact with the market (Burger, 2016) . Imbalance pricing is done within a specific timeframe, the imbalance settlement period (ISP). In the European Union, countries currently apply ISPs of 60, 30 and 15 minutes. A shorter ISP could contribute to a more cost-reflective imbalance pricing. For example, with 30 minutes ISP, the generator could overshoot during the first 15 minutes and undershoot during the second 15 minutes. Overall, it can count as balanced as the counteractions offset each other within that ISP. With a shorter ISP, like 15 minutes, BRPs have to manage their profile more wisely to balance their position (Merino et al., 2016) . The electricity balancing guideline requires all TSOs to harmonize the ISP by 2021, or at the latest by 2025, to an ISP of 15 minutes (ENTSO-E, 2018a). For different MSs, TSOs currently use different imbalance settlement mechanisms. For example, Belgium applies a single price scheme and the Netherlands use a hybrid pricing scheme which changes between single and dual pricing. 15 Generally, BRPs are encouraged to act against system imbalances. If the system has a positive imbalance, then a negative imbalance from BRP will be remunerated. If the system has a negative imbalance, then a positive imbalance from BRPs will be remunerated through an imbalance settlement. In case of non-delivery of any service, it would be counted as an imbalance and corresponding imbalance costs are allocated to the corresponding party.
To minimize the incentive of non-delivery, normally, an extra penalty scheme also applied (Elia, 2017).
Because the European synchronous area is interconnected, any unexpected failure would impact the pan-European power system. ENTSO-E offers a framework for the Load-Frequency-Control processes that national implementation must adhere to in order to satisfy the minimum requirements of the ENTSO-E guideline (Merion et al., 2016; MacDonald, 2013) . Arrangements for different TSOs may be diverse as those arrangements have to be in line with national and local specificities. 16 European TSOs have adopted different processes and products based on historical developments and different balancing philosophies (ENTSO-E, 2018a). Thus, there are a great variety of market designs exist with respect to pre-qualification requirements, bid evaluation and settlement rules of standardized service (Klessmann et al., 2008) . TSOs name the services, define common balancing methodologies and operational protocols, and determine what the sufficient amount of reserve capacity is through various technical criteria within their control areas (ENTSO-E, 2018a; MacDonald, 2013) . If an imbalance occurs very close to real-time, the TSO has to instruct resources, termed Balancing Service Providers (BSP), to reduce or raise their generation or load in order to restore the system balance (Schittekatte & Meeus, 2018a; DNV GL, 2017) .
Balancing services, in some circumstances also known as ancillary services, 17 conduct product design and flexible resource preservation according to system voltage and frequency requirements (Frunt, 2011) . According to the ENTSO-E framework, the services that are utilized by TSOs for frequency control are Frequency Containment Reserve (FCR), Frequency Restoration Reserve (FRR) and Replacement Reserves (RR). FCR is an initial and automatic response to imbalances; FRR and RR are used to supplant the use of FCR. There are further classifications for FRR as aFRR (automatic activation) and mFRR (manual activation). When an imbalance occurs, the activation follows sequential rules since the capacities that have the shorter response time are usually the more expensive and need to be replaced successively. There are also extra voltage control reserves to provide sufficient reactive power 18 (MacDonald, 2013; Merino et al., 2016; Zancanella & Bertoldi, 2017) . There is a notification time for each service, and the notification acts as a signal that service providers are ready to undertake the action. Using the French market as an example, FCR is notified 30 seconds before real-time, FRR is notified 15 minutes before action and RR would normally be between 15 minutes and 2 hours before real-time. Because of their short notification time, FCR and aFRR services are required to be automated (Eid et al., 2016) .
Figure 1: Illustration of Balancing Frequency Services
Source: ENTSO-E, 2018
The provision of balancing services by the balancing market could be categorized into two groups according to the provision time: balancing reserves (capacity, MW) and balancing energy (energy, MWh). The balancing reserves are capacity procured in advance and activated in real-time when encountering imbalance. The balancing energy is the energy activated by TSOs to maintain the balance of the system in real-time (MacDonald, 2013; Schittekatte & Meeus, 2018a ).
1. Balancing capacity/reserve market: TSOs buys the reserve capacities in advanced (from dayahead to year-ahead and even longer time horizons) and BSPs take the commitment to reserve these capacities from their portfolio. This mechanism makes sure that there are sufficient flexibility resources to maintain an adequate safety margin. It implies that BSPs cannot apply these capacities to other markets. Reserved capacity is expected to be available in real-time and has to bid in real-time balancing energy markets because otherwise BRPs may need to pay the fine.
2. Balancing energy market: this refers to real-time (following last intraday gate closure for the relevant trading period) energy markets that allow TSOs to balances the system by accepting balancing energy bids and balancing reserve contracts. The price is determined in real-time and the price of bids from balancing reserve contracts is not predetermined.
Balancing the reserve market provides a capacity remuneration that consists of all potential costs that occur for keeping the services available to the grid. The balancing energy market also provides an energy-based remuneration. For positive services, the service provider is directly remunerated from TSOs. For negative services, the price can be negative as the service provider also gains compensation from the spot price (Ocker, 2017) . 
The evolution of decentralized flexibility
Decentralized flexibility can become a valuable resource for system balancing and grid management. Although, currently, there is a limited business case it them to evolve, many technological improvements and emergence of new market actors are offering the opportunity for decentralized flexibility to participate in the markets.
Decentralized flexibility for demand-side management
The DFS considered in this paper are primarily load resources. They are recognized within the electricity system as demand response (DR) or demand-side management (DSM). This kind of program has existed within the electricity system for several decades. It is one of the oldest tools to help system operators maintain system balance. Typically, system operators use manual load shedding or rolling blackout to secure the grid system during emergencies. A broader definition of DR is a program established to incentivize changes in electricity consumption patterns. It considers the intentional changes of electric usage from their normal load patterns and acts as some form of flexibility within the electricity market and grid management (EnerNOC, 2011; Meeus & Nouicer, 2018; Zancanella & Bertoldi, 2017) . In the conventional supply-centric electricity system, demand is matched passively by supply, so demand response is mainly used for planned reductions in load (IEA, 2017a). In the context of high-variability VRE generation, both upward and downward response are required.
DSM was neglected in policy facilitation in the first decades of this century (Richter & Pollitt, 2016; Zancanella & Bertoldi, 2017) . In recent years, the policy support has been growing due to the prospect of increasing system operation and investment efficiency with the introduction of DSM (Bahrami et al., 2018) . At the European Union level, it includes the Third Energy Package of 2009 and Energy Efficiency Directive of 2012, which contain the promotion of smart meters and allow for the introduction of timebased prices (Chase et al., 2017) . Lately, the European Commission's Clean Energy Package also provides measures to promote better integration of electricity from renewable sources and support power evolution towards a more intermittent, non-synchronous generation fleet (Meeus & Nouicer, 2018; Minniti et al., 2018; Poncela, 2018) . Initial progress has been made in encouraging industrialscale customers to offer energy services. Member states (MSs) such as France, Finland and Belgium are at the forefront of the development (ENTSO-E, 2019). Although an increasing number of markets are open to DSM, the reporting of exact volumes is low.
Implicit DSM vs. explicit DSM
There are in general two types of mechanism that enable DSM (IRENA, IEA & REN21, 2018; Meeus & Nouicer, 2018; Zancanella & Bertoldi, 2017) :
 Explicit DSM: It manages bulk load shifting through corresponding market mechanisms. Demand capacity is sold by consumers, directly or through aggregators, to the market or the grid operator. The demand thus competes directly with supply in different market segments. Consumers receive direct payments to change their consumption upon request.
 Implicit DSM: It provides incentives that allow consumers to respond to price signals. Consumers have exposed means such as time-varying tariffs which are specified by their retailers and reflect the real or expected cost of electricity provision. There is no direct reward to consumers other than reducing their electricity bills.
Implicit DSM and explicit DSM are two different business models which require different skills sets and different market designs. People tend to mix up the two during the public discussion. Although DFS can participate in the electricity system through both mechanisms, the explicit DSM is preferred, with sound reasons which are explained below.
Implicit DSM has been well elaborated by plenty of publications (IRENA, IEA & REN21, 2018; Zancanella & Bertoldi, 2017; CEPA, 2014) . It emphasizes technologies and pricing mechanisms through means like in-house display, time-of-use tariffs, critical-peak-pricing and utility load control to communicate scarcity in the energy supply and stress on networks (Eid et al., 2016) . Tariffs that consider time-of-use provide the opportunity for consumers to benefit from wholesale price fluctuations (USEF, 2015) . There are also programs that use 'information only' as a signal for implicit DSM to advocate renewable electricity consumption; in this case, the information can be a low wholesale price as renewable energies tend to bid lower price as they have low marginal costs (Chase et al., 2017) . Such arrangements are mature and follow the conventional utility-driven model. The implicit DSM process is simpler, as it does not require extra information on baseline consumption. It demands simpler and cheaper infrastructure and users are left with more freedom to respond (Eid et al., 2016) . It has great potential for electric vehicle (EV) charging time management and more effective consumer energy optimization with more granular time-based tariff design (IEA, 2018a; NVE, 2016; Wargers et al., 2018) .
However, implicit DSM is less effective from the electricity system perspective. With implicit DSM, the real benefit of active participation become ambiguous for the customer as the economic payback is largely shaded by the compound electricity bill. It was found that consumers cannot respond effectively to the price change and incentive signals (Ghazvini et al., 2017) . The primary design of the billing process is cost recovery for the electricity value chain in an acceptable way, instead of providing the incentive to the consumer for efficient consumption behaviour (Healy & MacGill, 2012; Schittekatte & Meeus, 2018a) . Nonetheless, the electricity bill is a combination of electricity wholesale price, regulated transmission and distribution charges, and retail costs, plus value-added tax, levies and any other surcharges 19 (ACER & CEER, 2017) . Electricity prices vary dramatically between moments in time, between location, and according to lead-time between contract and delivery (Hirth et al., 2016) . Tariffs and retail prices for the most part approximate to an averaging of the costs of supplying electricity. With current electricity billing methodologies, there is very limited ability to differentiate incremental costs and become system-cost reflective (Rhys, 2016; CEPA, 2014; Schittekatte & Meeus, 2018b; Carmichael et al., 2018) . Also, asking consumers to adapt their daily routine to fit with the electricity program and understand updated existing technologies would be complicated and have a considerable knowledge gap (Paetz et al., 2012) .
The value of DSM participation will be better realized through explicit DSM. Explicit DSM programs allow flexibility resources to be traded through the electricity market (ENTSO-E, 2019). In particular, only explicit DSM can provide network services to enforce system reliability and engage balancing markets at a shorter timescale (CEPA, 2014).
Current explicit DSM participants are mostly large-scale electricity consumers in the industrial or services sectors, as these sectors have the greatest practical commercial capability to manage shortterm demand and business models do work with them, as any market transaction will only happen if the cost of carrying out the transaction is less than the expected benefit. Due to lower transaction costs, 20 there is still a consensus that flexibility would be sourced from large-and medium-scale sources before tapping flexibility from small-scale consumers (Verhaegen & Dierckxsens, 2017) . The DSM activity from individual households is still largely limited and many business cases are still unfeasible due to lack of economic incentives, technological complexity and political barriers (Verhaegen & Dierckxsens, 2016) . Traditionally, the cost and effort involved in communicating and equipping residential customers are comparably high and the foreseeable benefits are negligible (IEA, 2017; Hesser & Succar, 2012) . Meanwhile, there are often fixed transaction costs associated with any market participation, such as registering costs and market-required insurance. For small-scale capacity participants, this means high transaction costs per unit of output (Burger et al., 2016) . With digitalization, even though the fixed cost of market participation is barely decreased, the development of ICT and growing of its applications do significantly decrease the cost of pooling all distributed demand-side capacities, which provides the potential to allow decentralized flexibility to become involved.
However, it should be borne in mind that the current wide rolling out of smart meters has more direct impacts on the development of implicit DSM than explicit DSM. The finer granularity and the nearly realtime communication would enable more complex implicit DSM tariff designs and improved load forecast. On the other hand, the wide rolling out of smart meters could enhance the baseline design for explicit DSM. Nevertheless, explicit DSM needs greater functionalities of metering infrastructure and ICT components. It requires dedicated ICT infrastructure, and the current design and installation of infrastructures are locked in with contracted parties with limited interoperability (CEPA, 2014).
The market design for decentralized flexibility preservation
Within Europe, regulating authorities have committed to a market-based approach and facilitate a competitive electricity market to provide effective price signals to electricity dispatch (Papavasiliou, 2018; Newbery et al., 2017) . The market design needs to provide neutral incentives and allow all kinds of technologies to develop in parallel. Regulatory authorities should commit to a market-based approach and facilitate a competitive electricity market (Meeus & Nouicer, 2018; Zancanella & Bertoldi, 2017) . All available resources, including DFS, should be allowed to participate in potential electricity markets. As only explicit DSM can allow decentralized flexibility to provide different grid services and be traded through the electricity market, the following discussion on market design for decentralized flexibility only concerns explicit DSM.
The market design to enable decentralized flexibility primarily means allowing it to remunerate from appropriate market design and dispatch with appropriate signals. Currently, there are no consented models for the market arrangement to enable decentralized flexibility. However, many trials and pilot projects are exploring potential solutions (Migliavacca et al., 2017; Marroquin et al., 2018; Gangale et al., 2017) . However, the evolving of feasible solutions is mostly dependent on existing market arrangements and the available DFS.
With appropriate enabling infrastructures, redefined products and market prerequisites, DFS can actively participate in existing wholesale markets, capacity markets and balancing markets, (SEDC, 2017) . Meanwhile, with the increasingly complex distribution grid environment, DFS can participate in the potential emerging markets at the distribution level to facilitate active distribution network management (Eid et al., 2016; Schittekatte & Meeus, 2019) . For example, the experimental EPEX SPOT local flexibility market platform, and GOPACS launched by Dutch grid operators, are pooling platforms that allow system operators to procure flexibility with locational information dedicated to congestion management (Hans & Reek, 2018; TenneT, 2019) . However, there is, as yet, no existing regional market 21 beyond pilot projects (Gerard et al., 2018) . There are also many potentials for new products design with aggregated DFS. For example, to address concerns about losing reactive power and increasing voltage control requirement from VRE generation, new products can be designed accordingly at different market levels (Merino et al., 2016) . There are ongoing pilots, such as the Power Potential project in the South East region of Great Britain, which allows procurement of reactive power with a local market. 22
Aggregation and aggregator: Role and regulation
Aggregation plays a central role in enabling decentralized flexibility. It represented the grouping of distinct agents in a power system to act as a single entity and engage in power markets. An individual DFS does not provide sufficient reliable electric flexibility (Zancanella & Bertoldi, 2017) . Thus, it is necessary to simultaneously bundle DFS to provide tradeable amounts of flexibility (Eid et al., 2016 ). An aggregator is a market agent who conducts aggregation and acts as an intermediary between the market and small participants. It acts as a translator who translates decentralized data into quantity bids and enhances the effectiveness of explicit DSM programs (Zancanella & Bertoldi, 2017; Burger et al., 2016; Glachant & Rossetto, 2018 ). An argument some people use is that under certain circumstances, individuals can eliminate intermediaries and participate in market trading on their own. However, there are prohibitive technical and administrative burdens for individual active consumers to participate in market-based dispatch. The role of aggregation and aggregator thus are necessary to facilitate active consumers for efficient market operation of decentralized flexibility.
The most successful innovation enabled by aggregation based on new technologies so far is the Virtual Power Plant (VPP). This involves bundling household batteries and maybe other small-scale generation resources into one portfolio to bid in a different market at a strategic time. The accounted capacity of VPP in Europe was around 18 GW in 2017 (IEA, 2018a). An excellent example of decentralized flexibility is the household battery provider Sonnen, which has recently been approved to participate in the balancing market of TenneT in Germany and to provide FCR by aggregating decentralized power generation and storage from households (Eckert, 2018) . To validate the functionality and responsiveness, Sonnen's 1 MW virtual blocks were put on the grid, discharging and recharging a full 1 MW of power in under 30 seconds (Field, 2018) . Similar energy management technology is held by many companies like Limejump, Tesla, etc., and the application is flourishing in many countries.
Aggregators maintain the contractual relationship with flexibility assets owners (including active consumers and larger-scale industrial or business consumers) and offer value to BRPs, energy suppliers, DSOs and TSOs to optimize their portfolio (USEF, 2015; Verhaegen & Dierckxsens, 2016) . They need to negotiate agreements with active consumers to aggregate their load. During this process, they can tackle transaction barriers including incomplete information, irrational price responsivity and the lack of knowledge and experience of consumers to identify their flexibility potential (IEA, 2018b). They also provide new services and active interactions with system operators. Additionally, they can hedge the uncertainties of non-delivery from a single active consumer so that the quality of service can be guaranteed (USEF, 2015) .
Although aggregators are recognized by their role of aggregating demand-side flexibility, the practical role of aggregators is still defined by regulators according to the activities they can perform (Burger et al., 2016; Gerard et al., 2018) . In many MSs, the role of aggregators is not clearly defined and some MSs still forbid this role (Zancanella & Bertoldi, 2017) . Two types of aggregator models have emerged in Europe. One is known as the independent aggregator, where the aggregator serves as a provider of flexibility provision. The other model is conventional energy retailers who developed the aggregation business to complement their existing supply business (Verhaegen & Dierckxsens, 2016) . Independent aggregators provide more potential to enhance market competition. According to ENTSO-E (2019), there are currently 41 independent aggregators, and at least 22 energy retailers have aggregation businesses. The initial business cases are still focusing on large-scale industrial and commercial customers.
The regulation of aggregators needs to balance the benefits of the competition, economies of scale and economies of scope (Burger et al., 2016) . Competition can encourage innovation but also diminishes the economies of scale. Economies of scope is another factor that needs to be considered during regulation. For an aggregator, the fixed costs would mostly be algorithms and software costs. During the engagement with customers, there are inherent acquisition costs and end-user hardware costs as variable costs (Verhaegen & Dierckxsens, 2016) . It would be more efficient for a single aggregator to bundle all required services for a single customer, rather than multiple aggregators each procuring or delivering a single service. In particular, different services could share common devices and communication protocols, and the bundled services are likely to go beyond the electricity sector for more innovative solutions (USEF, 2015; Burger et al., 2016) .
Another vital issue that needs to be settled for decentralized flexibility to evolve is the financial settlement between aggregator and supplier (BRP). Currently it might be the single most crucial factor shaping the business model of decentralized flexibility. In member states other than France and Switzerland, there is no such framework to settle the dispute between aggregators and BRPs (Verhaegen & Dierckxsens, 2016; Minniti et al., 2018; DNV GL, 2017a) . The major difficulty for such settlement is to design a baseline for DFS that can well reflect the caused imbalance on BRPs profile by any service activation of DFS.
The baseline is essential to identify the value of explicit DSM. It is necessary to calculate the imbalance for settlement and assess the quality of activation. Thus, a baseline must be predefined, standardized and agreed by all stakeholders as an estimate load profile that would be consumed by a customer in the absence of a DSM event (USEF, 2015; EnerNOC, 2011) . The real-time metering data from the period of the event is compared with the baseline to determine the magnitude of the electricity resources (EnerNOC, 2011 , Holmberg et al., 2013 . With the identified quantity of shifting demand from participants, the financial payment or penalties can be allocated correspondingly (Glodberg & Agnew, 2013) . The design of baseline for larger-scale industries and businesses would be much easier than DFS as there is more scale effect with one single improvement of infrastructure. However, currently, there is limited infrastructure and availability of data to support a baseline methodology for DFS, especially for an individual household. For example, if the smart meter only measures the power level (kW) every five minutes, any power shift within that five-minute interval will be ignored but the accumulate energy (kWh) will have an impact on the overall energy consumption in that five minutes and count as imbalance. In the day-ahead market, BRPs submit their forecasted load profile (kWh) and are responsible for the imbalance of their profile in real-time. If an aggregator contracts the end-users within the profile of a BRP and activates the flexibility service in real-time, then the BRP would face an energy (kWh) imbalance caused by the activation. Fair compensation to the BRP needs to be arranged. However, it is a challenge to ensure that such compensation reflects the loss, as the imbalance cost calculation requires an advanced metering system to measure the energy imbalance (kWh) and the wide rolling out of smart-meters that are capable of measuring energy imbalance at really short timescale is missing. There are considerable costs to tackling this problem and the cost-benefit analysis outcome would vary case by case.
Currently, in many MSs that allow aggregation, aggregators need to negotiate a bilateral agreement with BRPs to pay an 'agreeable' amount of money to cover the BRPs' sourcing costs (Zancanella & Bertoldi, 2017; Verhaegen & Dierckxsens, 2016) . In this circumstance, energy retailers (BRPs) plus aggregation businesses could become the prevailing model. Many independent aggregators would transform into a model combining both retailer and aggregator roles, as once an aggregator become a BRP, it could then avoid the negotiation process and ignore the complexity of settling the baseline. However, in doing this, the entry barriers for aggregation businesses would significantly increase (Verhaegen & Dierckxsens, 2017) . At the same time, this also partially explains why FCR and other quick-frequency response products have been the first among balancing products to become feasible to provide by DFS. Without an appropriate baseline to calculate the energy component, the capacitybased remuneration is favoured over energy-based remuneration. 23 Among balancing services, FCR has the lowest energy component and relatively high capacity remuneration for aggregators. Also, it is more acceptable to BRPs because FCR only causes marginal energy imbalance in their profile (Elia, 2017; Verhaegen & Dierckxsens, 2017) . At the moment, only the framework from Switzerland allows independent aggregators to have direct contracts with end-users without explicit permission from BRPs: after the activation of flexibility services, the Swiss TSO corrects the position of each BRP considering all the flexibility activation that has modified its position; the BRP then receives compensation based on quarter-hourly day-ahead price (Minniti et al., 2018; Verhaegen & Dierckxsens, 2017) . This model allows system operators to correct the imbalance position centrally for BRPs and letting aggregators contract freely with active consumers would be preferred. Meanwhile, as the EU is pursuing common European cross-border balancing markets, the framework to coordinate BRPs and aggregators is best coordinated at EU level to guarantee a fair competition environment for cross-border trading.
The required market design: Market access
One primary concern for decentralized flexibility to participate in existing markets and emerging markets is market accessibility.
There are three perspectives related to market access limitation: product specifications, market entry prequalification and trading arrangements (CE Delf & Microeconomix, 2016; Schittekatte & Meeus, 2018a) . Product specifications include minimum bid requirements on parameters such as volume, notification time, availability, contract period, duration of one action and ramp rates (CE Delf & Microeconomix, 2016 , van der Veen et al., 2016 . The specification is the core to define an electricity product. Market entry prequalification concerns include standard license conditions, compliance with regulatory frameworks and industry codes, and respecting the corresponding balancing and settlement code. Trading arrangements concern technical and operational prerequisites, including compliance with information, measurement, verification and communication protocols.
The value of flexibility can only be appreciated when it can be applied in a designed market product (Hans & Reek, 2018) . All market agents that want to participate in the market have to adopt the same practices and business processes, which are specified in the Network Codes 24 (ENTSO-E, 2018) . Meanwhile, there is a prerequisite for resources and market agents to make sure that the DSM can be delivered in a reliable manner (Zancanella & Bertoldi, 2017) . The preconditions of bidding into a balancing market are even stricter (Scherer et al., 2015) . Sometimes, these preconditions act as discrimination against aggregated resources and DFS (Borne et al., 2018; Schittekatte & Meeus, 2018a; Paterakis et al., 2017) .
Considering the aggregated DFS, the concerns of minimum bid volume requirements, symmetric bid requirements, and the duration of one action and contract period have been well discussed and are organized in Table 4 ( Burger et al., 2016; Schittekatte & Meeus, 2018a; CE Delf & Microeconomix, 2016) . There have been many positive changes to facilitate the market access of DFS. The recent trend shows the removal of entry barriers for DFS to participate in the electricity markets, although some barriers still exist (smartEn, 2018a; Eid et al, 2016) . 
Type of issues Descriptions
Symmetric bid requirement
Symmetrical offering requirement asks a single unit to provide the same level of downward regulation and upward regulation simultaneously, which is technically impossible for many DFS. For aggregators, it means that they must aggregate the same amount of downward and upward reserves concurrently, which can be difficult sometimes.
Minimum bid size
A lower minimum bid size lowers the entry barriers for new players, especially in the balancing market. 25
Time factors (duration for availability, contract period, contract time and frequency of auction)
The longer the duration of availability, the higher the opportunity cost for the decentralized unit and the more difficult for active consumers to adapt their behaviours, thus the more restrictive for resource preservation from aggregated DFS; contract time indicates how long the procurement of reserves is made ahead of delivery. If the procurement is one year before delivery, the aggregators have to forecast their available load, which brings extra burden and relative costs; more frequent auctions with shorter contract duration would allow less burden to forecast the available load and reduce the corresponding forecast costs.
Sources: Schittekatte & Meeus, 2018a; Zancanella & Bertoldi, 2017; Borne et al., 2018. A new set of market access requirements needs to take into account system reliability requirements and the different characteristics of DFS to enable technology-neutral market participation (Zancanella & Bertoldi, 2017) . Nonetheless, some balancing market products in MSs are still contracted through bilateral contracts or administrative rules without transparent pricing and procurement processes. Overall, the progress is oriented in the market open direction following the European agenda (Anaya & Pollitt, 2018; Borne et al., 2018) . Moreover, the costs of system operators and market operators to open 24 Network Code is the technical rulebook that defines common market behaviours. 25 The minimum bid size for the day-ahead market and intraday market are already low enough at the current stage. The minimum bid volumes for day-ahead and intraday market in countries like Germany and France are only 0.1 MW (Agora, 2016) .
the market to aggregated DFS should be identified. The prequalification and ex-post measurement and verification would add extra complexity to system operators. The reduced minimum bids, redefinition of products, frequent auctions and asymmetrical bids would increase the number of transactions and associated management costs. System operators need a learning process to manage such practices of procurement services from DFS and conduct prequalification tests. Principally, aggregators have the responsibility to demonstrate to system and market operators their ability to deliver corresponding services (Borne et al., 2018) .
The required market design: Remuneration mechanisms
Appropriate remuneration schemes and pricing mechanisms for aggregated DFS is the core to allow decentralized flexibility to evolve. An effective pricing mechanism can provide correct incentives and guarantee a cost-reflective market environment (Papavasiliou, 2018) .
For existing electricity markets and potential emerging markets, the remuneration schemes need to provide an appropriate price signal to facilitate effective flexibility dispatch and unlock potential DFS.
Currently, the balancing service market remunerates the required services based on a wide range of pricing mechanisms such as mandatory provision, fixed prices, bilateral contracts and auctions (Pollitt & Chyong, 2018) . Among these mechanisms, only auction is market-based. It is likely that in the future auctions will be used for most services dedicated to decentralized flexibility. In this way, auction rules have a direct impact on the bidding behaviour and outcomes of the service suppliers (Ocker et al., 2016; Keay & Robinson, 2019) .
However, a suitable pricing model for DFS is missing at the distribution level. Centralized generation use marginal cost as the benchmark to justify whether the market can provide effective remuneration. Aggregators act on behalf decentralized flexibility assets owners to participate in the market. The value of the flexibility from individual active consumers cannot be quantified effectively, thus, cannot be remunerated correspondingly. There are also no clear principles for market remuneration re-allocation between aggregator and active consumer. Thus, in the emerging business model, aggregators play an active role in offering an appealing value to active customers to provide DFS at the distribution level.
Some stakeholders argue that only value-reflecting marginal pricing mechanisms can provide efficient remuneration for DFS (Good et al., 2017; smartEn, 2018a; Accenture, 2018) . Thus, a nodal pricing model would be necessary to reflect the LMP 26 of any DFS. However, currently there are no large-scale nodal pricing mechanisms that have been applied at the wholesale level within Europe. It might be difficult to pursue nodal pricing for the distribution level with political enforcement (Schittekatte & Meeus, 2018a) . The distribution level nodal pricing mechanism would evolve in a decentralized manner as a dedicated regional project requirement. For example, the Cornwall Local Energy Market trial in South West England, UK, which involves 100 plus homes, has developed its local nodal model for the regional market operation. 27
The way forward for decentralized flexibility
Decentralized flexibility as one of the resources for electricity flexibility is only a recent development. The field is young; the way forward has great possibilities but also uncertainty. Many factors have the potential to provide encouragement or to block future development. In this section, the complete market environment for future decentralized flexibility development is discussed. The debate regarding a common framework versus a customized framework for decentralized flexibility preservation is considered, and some exciting emerging market design innovations are discussed.
The uncertain market environment
As one of several potential sources of electricity flexibility, decentralized flexibility has to compete with other flexibility resources such as generation, interconnections, grid-level storage and demand response from industrial sectors (de Jong et al., 2017; Carmichael et al., 2018) . The monetization of DSM depends on many factors other than regulations. The economic value of DFS depends upon the specific demand at different timescales from the local electricity market. More than that, at the regional level, the value of DSM will be higher in the systems that need considerable reinforcement than the systems which have plenty of spare grid capacity (Eid et al., 2016) . The business case is determined by the cost of operating the program and potential generated revenues (DNV GL, 2017).
The broader electricity market design and related policies will also significantly influence the economic incentive of DFS. The European strategies to guarantee sufficient electricity flexibility in the member states (MSs) follow two major paths (Redl, 2018) : cross-border integration of power systems and flexible sets of power markets. Cross-border trading allows the surplus in one balance area can be exported to neighbouring areas. Thus, cross-border integration would lower electricity prices for importing countries (IEA, 2018; Redl, 2018) . Moreover, many MSs have decided to implement different designs of capacity mechanisms. In February 2018, Belgium, France, Germany, Greece, Italy and Poland were approved by the European Commission to deploy their capacity mechanisms (Meeus & Nouicer, 2018) . Such mechanisms serve as an instrument that provides additional revenues to the required electricity resources (IRENA, IEA&REN21, 2018) . In general, the better the emergence of scarcity price and high price volatility, the more incentives there will be for market agents to invest to enable DFS (EC, 2015) . Inevitably, the implementation of capacity mechanisms compromises the emergence of scarcity pricing and incentives to use decentralized flexibility (Hogan, 2015) . Nevertheless, decentralized flexibility can still be dedicatedly promoted with dedicated market design, for example, a specific auction product that only allows aggregated DFS to participate, or capacity reserve that incorporates DFS (BMWi, 2015) . Meanwhile, relatively high carbon emission costs could help DFS to compete over conventional flexibility resources such as gas and coal power plants. After reforms, the price of EU ETS reached €27 in early 2019. Further increase the effectiveness of the EU emissions trading system (ETS) has become the focus for the period after 2020 (CAT, 2018).
Common vs. customized framework for decentralized flexibility preservation
The use of DFS requires considerable capabilities of different stakeholders within the electricity system. There is a debate about whether a common framework for decentralized flexibility preservation is needed. Currently, there are no normalized frameworks and agendas to encourage the involvement of active consumers (Merino et al., 2016) . It is argued that a common framework, such as normalized contracts or standardized prequalification, measurement and verification guidelines, could help to quickly expand the existing experience, facilitate cross-border trading and significantly merge knowledge gaps (Zancanella & Bertoldi, 2017; USEF, 2015) . However, the gradually emerging consensus in the sector suggests that customized bilateral contracts and technology tailored prequalification are preferred at the current development stage (Verhaegen & Dierckxsens, 2017) .
The European energy mix is characterized by diversity at the national level in terms of availability of energy resource, and at the regional level in terms of infrastructure maturity and dynamics, such EV adaptation rate and level of VREs (EY, 2019; ENTSO-E, 2019) . Each MS puts different weights to decarbonization objectives and MSs have diverse access to energy supply resources. Such a situation implies that different MSs will take different paths and divergent market arrangement to achieve longterm development targets (Pollitt & Chyong, 2018; Eurelectric, 2018) . The demand for flexibility services has largely relied on regional circumstance and is far from one-size-fits-all. Consequently, the pace of development and utilization of DFS are quite diverse among MSs and a common framework could end up becoming too complex to employ.
On the other hand, there are various technical capabilities and economic characteristics of DFS that are unique. For example, the German aggregator Next Kraftwerke has initiated a unique project to control battery reserves in electric automated guided heavy goods vehicles to provide FCR. With this project, Next Kraftwerke is developing the concepts for the fleet's prequalification. 28 Therefore, it is more pragmatic to use customized prequalification and adoption frameworks and allow for different innovative applications to emerge for the current development phase.
Most importantly, the evolving of the feasible market model and exact design for decentralized flexibility are largely dependent on existing market arrangements, regional resource availability and regional flexibility requirements. Consequently, the pace of development and utilization of DFS are quite diverse among MSs. The integration of decentralized flexibility into electricity market design would be more likely to be developed in a decentralized manner somewhere there is a significant demand for electricity flexibility but where there is a limited centralized supply (Ocker et al., 2016) .
Emerging innovative market designs
There is a learning process for system operators to manage the decentralized flexibility. There have been some innovative market arrangements that are different from conventional market arrangement which may have a significant impact on future development. However, further research is still required to explore the reliability of these innovations and their trustworthiness.
To begin with, as previously discussed, the emergence of a nodal pricing model in a decentralized manner could provide a further possibility for electricity market design. With nodal pricing to reflect the LMP of all DFS, a value-reflective price can be set to encourage more efficient electricity consumption and transparent benefit sharing between aggregators and active consumers.
Moreover, there is significant concern that the lack of liquidity at the distribution level market may cause the abuse of local market power and inefficient price discovery (Hadush & Meeus, 2017; CE Delft & Microeconomix, 2016; MacDonald, 2013) . As a way to counter the lack of liquidity, some trials and pilot projects are enabling advanced energy contracts. This means that there will be more information collected during the bidding process and the bids can be called if the predefined conditions (justified during the bidding process) are satisfied in real-time (DNV GL, 2018). Thus, there will be more available bids for regional markets, increasing the liquidity to counter market abuse.
Furthermore, existing aggregators are trying to maximize their profitability through cross-market optimization. For example, single or pooling assets can bid in different time-sequential and parallel markets to maximize the benefit of assets. Relative stakeholders want to be allowed to submit multiple bids simultaneously to different market products to achieve maximized realization of their flexibility assets (smartEn, 2018a). As if the bid is not activated in one service or standardized product and can directly qualified to be activated in the next one sequentially.
All these innovative approaches are emerging from the market and may play a significant role in future market design. Further research is necessary to gain more understanding on these approaches.
Conclusions
This paper has focused on the interaction between decentralized flexibility and electricity market design. Flexibility from decentralized resources is a young and complex domain. To embrace the widespread decentralized components and realize the decarbonization targets, the power system requires a reexamination of the existing operational model. The research and understanding are far from sufficient. Even though many discussions in the paper also apply to decentralized generation resources, the article narrowed the study down to decentralized load resources for demand-side management. The conclusions drawn from this paper include:
Being able to use decentralized flexibility has strategic importance as there will be no electrical flexibility from conventional power plants in a fully decarbonized electricity system. To enable the use of decentralized flexibility requires a learning process from system operators.
Both implicit and explicit DSM are essential mechanisms to enable DSM. However, explicit DSM can better realize the value for decentralized flexibility as only it can provide network services to enforce system reliability and engage balancing markets on a shorter timescale.
The market design to enable decentralized flexibility primarily means allowing it to remunerate from appropriate market design and be able to dispatch with proper signals. The opening up of the market to DFS brings extra costs to market and system management that need to be acknowledged by corresponding parties. With adequate enabling infrastructures, DFS can participate in existing markets, emerging markets at the distribution level and other potential new products it fits. Moreover, a suitable pricing model for DFS there is missing at the distribution level. Currently, the auction is primarily used for pilot applications but is not necessarily the optimal method.
Aggregation and aggregator are necessary as digitalization barely reduces the transaction costs for market participation, but significantly decrease the cost of pooling all the distributed demand-side capacities. Aggregators have to help active consumers to overcome the prohibitive technical and administrative burdens to participate in the market-based dispatch. They have to actively interact with system operators and market operators to demonstrate their ability to deliver corresponding services. The existing regulation on aggregators has been largely shaping the emerging business application. The precondition of a bilateral agreement between BRP and aggregator has increased the entry barrier for the aggregator.
DFS encompass different load sources and a wider variety of technical and economic characteristics. The emergence of business applications and monetization of DFS depend on many factors, such as broader electricity market design and energy policy, regional resource availability and penetration level of VRE. Consequently, the pace of development and utilization of decentralized flexibility sources (DFS) will be diverse among the European member states. The integration of decentralized flexibility into the electricity market is more likely to be developed in a decentralized manner that starts from an area that requires electricity flexibility but lacks centralized supply.
